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Dysfunction of degradation machineries causes cancers, including hepatocellular carcinoma (HCC). Overexpression of
cyclin D1 in HCC has been reported. We previously reported that autophagy preferentially recruits and degrades the
oncogenic microRNA (miR)-224 to prevent HCC. Therefore, in the present study, we attempted to clarify whether cyclin
D1 is another oncogenic factor selectively regulated by autophagy in HCC tumorigenesis. Initially, we found an inverse
correlation between low autophagic activity and high cyclin D1 expression in tumors of 147 HCC patients and three
murine models, and these results taken together revealed a correlation with poor overall survival of HCC patients, indicat-
ing the importance of these two events in HCC development. We found that increased autophagic activity leads to cyclin
D1 ubiquitination and selective recruitment to the autophagosome (AP) mediated by a specific receptor, sequestosome 1
(SQSTM1), followed by fusion with lysosome and degradation. Autophagy-selective degradation of ubiquitinated cyclin
D1 through SQSTM1 was confirmed using cyclin D1/ubiquitin binding site (K33533R) and phosphorylation site (T286A)
mutants, lentivirus-mediated silencing autophagy-related 5 (47G5), autophagy-related 7 (47G7), and Sgstm1 knockout
cells. Functional studies revealed that autophagy-selective degradation of cyclin D1 plays suppressive roles in cell prolifera-
tion, colony, and liver tumor formation. Notably, an increase of autophagic activity by pharmacological inducers (amiodar-
one and rapamycin) significantly suppressed tumor growth in both the orthotopic liver tumor and subcutaneous tumor
xenograft models. Our findings provide evidence of the underlying mechanism involved in the regulation of cyclin D1 by
selective autophagy to prevent tumor formation. Conclusion: Taken together, our data demonstrate that autophagic degra-
dation machinery and the cell-cycle regulator, cyclin D1, are linked to HCC tumorigenesis. We believe these findings may
be of value in the development of alternative therapeutics for HCC patients. (HEPATOLOGY 2018;68:141-154).

epatocellular carcinoma (HCC) is the third- regulatory subunit of cyclin-dependent kinases (CDK)
most common cause of cancer-related death 4 and 6. It is synthesized at the G; phase and then
worldwide.?V) In the impaired liver, aberrant  binds with CDK4/6 to regulate the G1/S-phase transi-
cell-cycle progression of liver cells leads to proliferation tion. Cyclin D1 is degraded in the cytoplasm when the
and hepatocarcinogenesis (HCG).?) Cyclin D1 is a cell cycle enters the S phase. Cyclin D1 promotes
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liver cell growth, and overexpression of cyclin D1 ini-
tiates HCC development by promoting cell-cycle pro-
gression.®® These findings imply that dysregulated
cyclin D1 participates in HCC tumorigenesis. It has
been reported that cyclin D1 becomes overexpressed
and induces HCC through gene amplification.”’
However, whether any unidentified mechanism regu-
lates cyclin D1 leading to an increased risk of HCC
occurrence remains unclear.

Proteasomal and autophagic machinery are two major
degradation systems of ubiquitinated proteins in the
cell.®® Autophagy recruits as well as recycles unnecessary
and dysfunctional cellular components, including pro-
teins, pathogens, damaged organelles, and microRNA
(miRs)."® Autophagic machinery is classified into
nonselective and selective autophagy. During selective
autophagy, various receptor proteins participating in the
processes have been identified (sequestosome 1
[SQSTM1]/P62, neighbor of BRCA1 gene 1 [NBR1],
NDP52 [CALCOCOQO?2; calcium-binding and coiled-
coil domain 2], and optineurin).”” These receptors con-
tain a conserved motif known as a microtubule-
associated protein 1 light chain (LC3) interacting region
(LIR), which is responsible for binding with LC3 and
transporting specific cargos into the double-membrane
autophagosome (AP). Most of the selective cargo pro-
teins are ubiquitinated proteins. The SQSTM1 protein
participates in the formation of cytoplasmic inclusion.
Accumulation of SQSTM1 protein in the cell indicates
a deficiency of autophagic activity and is related to Alz-
heimer’s disease and chronic liver disorders.™® Accu-
mulating evidence indicates that selective autophagy
contributes to the aberrant activation of the signaling
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pathways and oncogenic factors related to the tumori-
genesis of various cancers. 1%

Transgenic mice with mosaic deletion of autophagy-
related 5 (Azg5) or liver-specific deletion of autophagy-
related 7 (Arg7) gene only developed tumors in the
liver. ™ Similarly, in human HCC tumor tissues,
decreased ATG5 and Beclin 1 (BECNI) gene expression
together with SQSTM1 protein accumulation were found
in comparison with adjacent nontumor tissues.””) We pre-
viously revealed that autophagy prevents liver tumor for-
mation through selective recruitment and degradation of
oncogenic miR-224. In summary, these findings strongly
suggest that an autophagic degradation system may act as
a safeguard to maintain the homeostasis of diverse cellular
factors in the cell, thereby preventing tumorigenesis,
including HCC. To further extend our findings, we
hypothesized that this autophagy degradation system may
regulate multiple oncogenic factors related to HCC
tumorigenesis. In this study, we found that autophagy
selectively recruits and degrades another cell-cycle regula-
tor known as “cyclin D1,” and we further clarified the

underlying mechanism in HCC tumorigenesis.

Materials and Methods
AP PURIFICATION

Hep 3B cells were treated with the inducer amiodar-
one for 24 hours followed by chloroquine (CQ) treat-
ment for another 24 hours to block fusion of lysosome
and AP. The extraction procedure was reported on

elsewhere, and details are provided in the Supporting
Materials and Methods section.!”’
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CLINICAL SPECIMENS

HCC specimens were purchased from the Taiwan
Liver Cancer Network and National Cheng Kung
University Hospital (NCKUH; Tainan, Taiwan).
Informed consent was obtained from all patients with
approval by the Institutional Review Board (IRB),
NCKUH, Tainan, Taiwan (IRB document number:
A-BR-100-156).

IMMUNOGOLD-LABELED
PROTEIN AND TRANSMISSION
ELECTRON MICROSCOPY

The ultrathin sections of AP fraction on the nickel
grids were treated with 10% H,O, for 10 minutes.
Grids were blocked for 30 minutes followed by anti-
cyclin D1, anti-SQSTM]1, or anti-LC3 antibody treat-
ment overnight. Grids were incubated with anti-
mouse immunoglobulin G (IgG) H&L (ab27242;
Abcam, Cambridge, UK) or anti-rabbit IgG H&L
(ab105298; Abcam) secondary antibody for 1 hour.
The sections on the grids were stained with saturated
uranyl acetate and lead citrate and investigated under a
transmission electron microscope (HITACHI-7000).

Other details are available in the Supporting Materi-
als and Methods section.

Results

HIGH CYCLIN D1 EXPRESSION
WAS ASSOCIATED WITH LOW
AUTOPHAGIC ACTIVITY IN
HUMAN HCC TUMOR TISSUES
AND CO-OCCURRENCE OF
THESE TWO EVENTS
CORRELATED WITH POOR
OVERALL SURVIVAL RATE OF
HCC PATIENTS

To reveal the relationship between autophagic activ-
ity and cyclin D1 expression in HCC, 147 paired
HCC specimens (tumor and nontumor parts) were
analyzed (Supporting Table S1). The representative
HCC specimens from 1 patient showed that cyclin D1
expression and SQSTM1 accumulation were high, and
BECNI1 and ATGS expression levels were low in the
tumor tissue as compared to the adjacent nontumor
tissue by immunohistochemistry (IHC) staining
(Fig. 1A), and the quantification data showing
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statistical significance are depicted in Fig. 1B. Further-
more, high cyclin D1 expression and high SQSTM1
accumulation were detected in 11 of 20 HCC tumor
tissue specimens analyzed by immunoblotting (IB;
Supporting Fig. S1A, red numbers). SQSTM1 accu-
mulation or low expression of BECN1 and ATG5
represent low autophagic activity. Further analysis
revealed that cyclin D1 level was negatively correlated
with BECNT1 level and was positively correlated with
SQSTM1 accumulation in these HCC specimens
(Fig. 1C), indicating an inverse correlation between
autophagy and cyclin D1. The multivariate analysis of
the association of HCC clinicopathological parameters
with cyclin D1, BECN1, and SQSTM1 levels revealed
that tumor size positively correlated with the level of
cyclin D1 (P = 0.032) or in combination with
BECN1 (P = 0.041), SQSTM1 (P = 0.004) or
BECN1, and SQSTM1 (P = 0.011; Supporting
Table S2). We conducted Kaplan-Meier survival anal-
ysis for cyclin D1 expression alone and by dividing the
147 HCC patients into a high-risk group (high cyclin
D1, low BECNI1 expression, and high SQSTM1
accumulation in the tumor vs. the adjacent nontumor
tissue) and a low-risk group (the remaining HCC
specimens), and our data showed that both the high
cyclin D1 expression group (Supporting Fig. S1B; P =
0.0317) and the high-risk group (Fig. 1D; P =
0.0116) had worse overall survival rate among HCC
patients. These results imply that low autophagic activ-
ity and high cyclin D1 expression were correlated in
HCC tumorigenesis, and the co-occurrence of these
two events was associated with worse survival rate.

ACTIVATED AUTOPHAGY
CORRELATED WITH DECREASED
CYCLIN D1 EXPRESSION, CELL
PROLIFERATION, AND
CELL-CYCLE ARREST

AT THE G, PHASE

Human hepatoma cell lines (Hep 3B and Huh 7)
were treated with two autophagy inducers (rapamycin
and amiodarone) for 24 hours. Both of the inducers
increased LC3-II expression and decreased cyclin D1
expression in a dose-dependent manner (Fig. 2A).
Decreased cyclin D1 expression was reversed when
autophagic activity was suppressed by lentivirus-
mediated silencing of A7G5 or ATG7 gene expression
in Hep 3B cells under autophagy induction (Fig. 2B).
Similarly, cyclin D1 protein degradation was delayed
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FIG. 1. Low autophagic activity accompanied with high cyclin D1 expression was observed in HCC specimens. (A) Representative
IHC images of HCC specimen sections show the expression levels of cyclin D1, SQSTM1, ATGS, and BECN1. Scale bar = 20
um. (B) Quantification of the protein expression in 147 of HCC specimens was determined by defining ROI followed by HistoQuest
analysis. A paired # test was used to compare two populations. (C) Correlation of cyclin D1 with SQSTM1 or BECN1 in 147 HCC
specimens was analyzed, and linear regression coefficient and statistical significance are indicated. (D) Overall survival rate of HCC
patients was determined by Kaplan-Meier analysis and long-rank test. High protein expression was defined by the expression in the
tumor tissue versus the expression in the adjacent nontumor tissue > 1-fold. The high-risk group (n = 46) was defined as high-cyclin
D1, high-SQSTM1, and low-BECN1 expression. The remaining specimens were classified as the low-risk group (n = 101).
Abbreviations: ROI, region of interest; T/N, T: tumor tissue; N: adjacent nontumor tissue.

in autophagy-deficient mouse embryo fibroblast we found that cyclin D1 mRNA levels were increased
(MEF) MEF-Arg5(-/~) cells compared to wild-type after autophagy induction, but there was no significant
(WT) MEF-Arg5(+/+) cells (Fig. 2C). Surprisingly, difference among these cells (Supporting Fig. S2A,B).
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FIG. 2. Increased autophagic activity suppressed cell growth, cell-cycle progression, and cyclin D1 expression. (A) Hep 3B and Huh 7
cells were treated with various concentrations of rapamycin or amiodarone for 24 hours. Protein expression was examined by immuno-
blotting. (B) Hep 3B cells were infected with lentivirus harboring sh-GFP (control), sh-Atg5, or sh-Atg7 sequence and then treated
with amiodarone (5 #M) for 48 hours. The number under the individual band represents the fold changes of protein expression as com-
pared to the control. (C) MEF-Azg5(+/+) and MEF-Atg5(-/~) cells were treated with amiodarone (15 M) for various times. Protein
expression was detected by immunoblotting. (D) Hep 3B and Huh 7 cells were treated with rapamycin (100 nM) or amiodarone
(5 uM) for 0, 24, or 48 hours. Cell cycle was analyzed by flow cytometry analysis. (E,F) Hep 3B cells (harboring sh-Control, sh-Atg5,
or sh-Atg7), MEF-Azg5(+/+ ), and MEF-Atg5(-/~) cells were synchronized by serum-free starvation for 24 hours, and then DNA syn-
thesis was measured by BrdU incorporation after amiodarone treatment for 0, 8, and 16 hours. Scale bar = 20 um. Quantification is
shown in the diagram. Data represent means = SEM (n = 5). Abbreviations: GFP, green fluorescent protein; sh, short hairpin.
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FIG. 3. Increased autophagy caused cyclin D1 degradation and the existence of cyclin D1 in the AP. (A) Hep 3B cells were treated
with or without amiodarone (5 uM) for 24 hours. The representative confocal images show cyclin D1 and LC3 protein. Scale bar = 10
um. Quantification of colocalization of cyclin D1 and LC3 was conducted by randomly counting 30 cells. The data represent means =
SEM. (B) Hep 3B cells were treated with amiodarone (5 M) for 24 hours followed by CQ_(50 uM) treatment for another 24 hours.
The proteins in the PNS and AP were analyzed by immunoblotting for the expression levels of cyclin D1, LC3, Hsp 60 (mitochondria
marker), and calreticulin (endoplasmic reticulum marker). This experiment was repeated three times. (C) Immunogold-labeled cyclin
D1 (20-nm gold bead) in the purified double-membrane APs was detected under TEM. Scale bar = 100 nm. (D) Hep 3B cells were
treated with amiodarone (5 uM) for various times. (E) Hep 3B cells were treated with amiodarone (5 M) for 48 hours. CQ_(50 M)
and MG132 (10 uM) were added at 24 hours after amiodarone treatment for another 24 hours. The number under the individual band
represents the fold changes as compared to the control (set as 1). (F) Hep 3B cells were synchronized and DNA synthesis was measured
under the same conditions as shown in Fig. 2E by amiodarone, CQ, and/or MG132 treatment for 0, 8, and 16 hours. Scale bar = 20
um. Quantification is shown in the diagram. Data represent means * SEM (n=5). Abbreviation: Hsp 60, heat shock protein 60.

These results suggest that autophagy-induced suppres-
sion of cyclin D1 expression occurs at the posttran-
scriptional level. We also demonstrated that cell
growth was suppressed (Supporting Fig. S2C) and cell-
cycle arrest at the G; phase (Fig. 2D) when autophagy
was induced. To investigate cell-cycle progression, we
synchronized the cell cycle by starvation, followed by

146

measurement of DNA synthesis (Go/G; phase to S
phase) using bromodeoxyuridine (BrdU) incorporation
analysis. We demonstrated that the cell-cycle progression
decreased when autophagy was induced (Fig. 2E); how-
ever, this suppression was rescued by knockdown of
either ATG5 or ATG7 genes in Hep 3B cells (Fig. 2E).

Similarly, cell-cycle progression was increased in
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MEF-Azg5(—/~) cells compared to MEF-Atg5(+/+)
cells (Fig. 2F). In summary, our results imply that
increased autophagic activity leads to cell-cycle arrest,
decreased cyclin D1 expression, and cell growth.

We used amiodarone as the inducer in the experi-
ments described below owing to its ability to induce
autophagic activity, lon%-lasting induction capability,
and low toxicity in vivo. ¥

ABUNDANT CYCLIN D1
WAS DETECTED IN THE
AUTOPHAGOSOME WHEN
LYSOSOME FUSION WAS
BLOCKED BY CQ_UNDER
AUTOPHAGY INDUCTION
CONDITIONS

We further revealed the colocalization of cyclin D1
with LC3 protein (AP marker) in Hep 3B cells after
autophagy induction (Fig. 3A), suggesting that cyclin
D1 is linked with AP. We then biochemically purified
the AP from Hep 3B cells in the presence of CQ_(a
blocker of AP and lysosome fusion) to enrich the
quantity of AP obtained. We observed large amounts
of LC3-1II (AP marker) and cyclin D1 proteins in the
purified AP fraction as compared to the postnuclear
supernatant (PNS) fraction (Fig. 3B). We also
observed abundant immunogold-labeled cyclin D1
particles in the double-membrane AP-like vesicles
under transmission electron microscopy (TEM; Fig.
3C). In summary, increased cyclin D1 existed in the
double-membrane AP-like vesicles before fusing with
the lysosome following autophagy induction.

AUTOPHAGIC DEGRADATION
MACHINERY PARTIALLY
PARTICIPATES IN
DEGRADATION OF CYCLIN D1
PROTEIN AND REGULATES
CELL DNA SYNTHESIS

Lipidated LC3-II and SQSTM1 proteins associate
with the outer and inner AP membrane, and LC3-II
protein increases at the early stage of autophagy induc-
tion, but starts to decrease after AQP fuses with lyso-
some.™ In our study, we showed that activation of
autophagy triggered the progression of autophagic flux
within 72 hours as shown by the expression levels of
LC3-II and SQSTM1 proteins reaching a peak at 24
hours then declining from 48 to 72 hours. Under the
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same conditions, cyclin D1 protein, but not mRNA,
expression gradually decreased (Fig. 3D and Supporting
Fig. S2D). We using CQ_to block degradation, and the
decrease of cyclin D1 expression after autophagy induc-
tion for 48 hours was blocked in the presence of CQ_
(Fig. 3E). Similarly, cyclin D1 degradation was also
blocked in the presence of M(G132 (proteasomal inhibi-
tor; Fig. 3E), and an additive effect was observed when
the cells received combination treatment with CQ_and
MG132 (Fig. 3E). We further clarified the effect of CQ_
and MG132 on cell-cycle progression by BrdU staining.
Our results showed that amiodarone-triggered suppres-
sion of cell-cycle progression was abolished by CQ_treat-
ment (Fig. 3F), but not by MG132 treatment (Fig. 3F).
Altogether, our data indicate that autophagic degradation
machinery is partially involved in cyclin D1 protein deg-

radation and regulation of cell-cycle progression.

UBIQUITINATION OF CYCLIN D1
IS REQUIRED FOR AP
RECRUITMENT

Autophagic degradation has been defined as selec-
tive and nonselective. The former recognizes ubiquiti-
nated proteins through specific receptors, which assist
the selected cargo to interact with LC3-II protein on
the AP membrane followed by lysosome fusion and
degradation.”” We found that the interaction between
LC3 and cyclin D1 increased when autophagy was
induced for 24 hours (at the stage of AP formation;
Fig. 4A, left panel). Concomitantly, the level of poly-
ubiquitinated cyclin D1 also increased (Supporting
Fig. S3A). To clarify whether cyclin D1 ubiquitination
is required for AP recruitment when autophagy was
induced, we transfected WT (p-cyclinD1-HA-WT)
or ubiquitination site-deficient cyclin D1 plasmid
DNA (p-cyclinD1-HA-Kj33.535R) into Hep 3B cells
(Supporting Fig. S3B). The cells harboring the mutant
cyclin D1 K33.238R gene showed abolished ubiquitina-
tion and degradation when autophagy was induced
(Supporting Fig. S3C,D). The interaction between
LC3 and cyclin D1 protein was abrogated in the
K33.23gR mutant cyclin D1-transfected cells compared
to the WT cyclin D1 cells (Fig. 4A, right panel), and
in the purified AP fraction, only WT cyclin D1 was
detected (Fig. 4B). Furthermore, it has been reported
that glycogen synthase kinase 3/ (GSK3f)-mediated
cyclin D1 phosphorylation at Thr-286 induces translo-
cation of cyclin D1 from the nucleus to cytoplasm and
induces ubiquitination-mediated proteolysis.'® We

demonstrated that phosphorylation of GSK-3f was
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FIG. 4. SQSTM1 is a receptor for selective recruitment and degradation of ubiquitinated cyclin D1 by the autophagic machinery in
Hep 3B cells. (A) Hep 3B cells were treated with or without amiodarone (5 uM) for 24 hours (left panel). Hep 3B cells transfected
under the same conditions as shown in Supporting Fig. S3B (right panel). Total protein extraction was immunoprecipitated by the
anti-LC3 antibody followed by IB. (B) Hep 3B cells were transfected under the same conditions as shown in Supporting Fig. S3B.
These two cell lines were treated with amiodarone (5 uM) for 24 hours followed by CQ_(50 uM) treatment for another 24 hours.
Proteins in the PNS and AP of two cell lines were analyzed by IB. (C) Hep 3B cells were treated with or without amiodarone
(5 uM) for 24 hours, and total protein extraction was immunoprecipitated by anti-cyclin D1 or anti-SQSTM1 antibody. (D) Hep 3B
cells were treated with or without amiodarone (5 uM) for 24 hours. The representative confocal images show cyclin D1 and SQSTM1
protein. Scale bar = 10 um. Quantification of cyclin D1-SQSTM1 colocalization was performed by counting 30 cells, and data repre-
sent means = SEM. (E) Coexistence of immunogold-labeled cyclin D1 (20-nm gold beads; white arrows) and immunogold-labeled
LC3 or SQSTM1 (12-nm gold beads; black arrows) in the purified APs was examined under TEM. Scale bar = 100 nm. (F) MEF-
Sqstm1(+/+) and MEF-Sgstm1(-/=) cells were treated with amiodarone (15 uM) for the times as indicated. Protein expression was
measured by IB. Abbreviations: HA, hemagglutinin; Hsp 60, heat shock protein 60; WCL, whole cell lysate.

activated under autophagy induction (Supporting Fig.
S4A), and Thr-286-phosphorylated cyclin D1 was
detected in the purified AP (Supporting Fig. S4B,C).
We also found that the cyclin D1 mutant (T286A)
abolished ubiquitination of cyclin D1 and lost the capa-
bility to interact with LC3 when autophagy was induced
(Supporting Fig. S4D,E). Our results imply that both
the phosphorylation and ubiquitination sites of cyclin
D1 are essential for its selective recruitment and binding

with LC3 following induction of autophagy.

148

SQSTM1 RECEPTOR IS
REQUIRED FOR CYCLIN D1
SELECTIVELY BINDING

WITH LC3 ON THE AP AND
REGULATION OF CELL-CYCLE
PROGRESSION

Diverse receptor proteins participate in selective
autophagic degradation. Autophagy was induced in
Hep 3B cells for 24 hours (the stage of AP formation)
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and the candidate receptor proteins, SQSTM1, NBR1,
NDP52, and optineurin, were screened to detect binding
with cyclin D1. Among the screened receptors, only
SQSTM1 interacted with cyclin D1 by immunoprecipi-
tation (IP) assay when autophagy was induced (Fig. 4C
and Supporting Fig. S5A-C). Concomitantly, we
detected increased colocalization of SQSTM1 and cyclin
D1 protein (Fig. 4D) and confirmed the coexistence of
cyclin D1 with LC3 or SQSTML1 in the purified APs
under TEM by immunogold labeling (Fig. 4E). We also
found that the cyclin D1 protein degradation was pro-
longed in the MEF-Sgstm1(—/~) cells compared to the
MEF-S8gstm1(+/+) cells (Fig. 4F), and the interaction
between cyclin D1 and LC3 was only detected in MEF-
Sgstm1(+/+ ) after induction of autophagy (Supporting
Fig. S5D). Furthermore, cell-cycle progression increased
in MEF-S8gstm1(—/~) cells under autophagy induction
for 8 and 16 hours (Supporting Fig. S5E). Altogether,
our results imply that SQSTM1 is the receptor responsi-
ble for the interaction of cyclin D1 and LC3 in the AP
and regulation of cell-cycle progression.

ACTIVATED AUTOPHAGY LEADS
TO DECREASED CELL
PROLIFERATION, AS WELL

AS REDUCED COLONY AND
TUMOR FORMATION
THROUGH DEGRADATION OF
UBIQUITINATED CYCLIN D1

Initially, we demonstrated that activated autophagy
had no effect on Hep 3B cell viability by flow cytometry
analysis (Fig. 5A). Instead, it suppressed cell prolifera-
tion, and reduced colony and tumor formation (Fig.
5B-D). This autophagy-related suppression of tumori-
genesis was counteracted by replenishment with the
mutant, cyclin D1 (cyclin D1-K33.53R; Fig. 5B-E),
indicating that ubiquitinated cyclin D1 is required for
autophagy-mediated suppression of cell proliferation
and tumorigenesis.

HIGH CYCLIN D1 EXPRESSION
ASSOCIATED WITH LOW
AUTOPHAGIC ACTIVITY

WAS DETECTED IN THE
LIVER TUMORS OF TWO
MURINE MODELS

To validate our findings in wvivo, we checked the
status of cyclin D1 expression as well as autophagic
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activity during liver tumor formation in two murine
models. The first model is a viral-related hepatitis B
virus X protein (HBx) transgenic mice model (Fig. 6A,
upper panel), in which a liver tumor is induced by HBx
protein at 16 months. The second model is a nonviral
rat orthotopic liver tumor model (Fig. 6A, lower panel),
in which the inoculated rat hepatoma N1-S1 cells
induce liver tumor formation within 1 week.””” In these
two models, low BECN1 expression accompanied with
high SQSTM1 accumulation as well as high cyclin D1
expression were observed in liver tumor tissues com-
pared to nontumor tissues (Fig. 6B,C), indicating that
low autophagic activity, together with high cyclin D1

expression, is associated with liver tumor formation.

PHARMACOLOGICAL INDUCERS
OF AUTOPHAGY EFFECTIVELY
SUPPRESSED TUMOR
FORMATION IN TWO

MURINE MODELS

We further clarified whether increased autophagic
activity could lead to regression of liver tumor in the rat
orthotopic model. Our data demonstrate that the weight
of the liver tumor decreased by around 60% in the amio-
darone treatment group compared to that in the double-
distilled water (DDW) control group (Fig. 6D). LC3-11
expression and the number of double-membrane APs
was increased in tumor tissues of amiodarone-treated
rats compared to DDW-treated rats (n = 5; Supporting
Fig. S6A,B). We also detected increased colocalization
of cyclin D1 and LC3, together with decreased expres-
sion of cyclin D1 and SQSTMI1, in tumors of the
inducer-treated rats compared to those of the DDW
group (Fig. 6E,F). We further used the inducers, amio-
darone and rapamycin, in the hepatoma Hep 3B xeno-
graft tumor model. Similarly, we detected significant
regression of tumors (Supporting Fig. S7A,B) and
increased colocalization of cyclin D1 and LC3 (Support-
ing Fig. S7C), together with decreased expression of
cyclin D1, SQSTM1, and Ki67 (cell proliferation
marker), in tumors (Supporting Fig. S7D,E) of inducer-
treated mice compared to those of the untreated group
(nontreated; N.T.). Altogether, these data demonstrated
that increased autophagic activity suppressed liver
tumor formation through degradation of cyclin D1.

Discussion

In this study, high cyclin D1 expression accompa-
nied with low autophagic activity was correlated with
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FIG. 5. Activated autophagy leads to suppression of cell proliferation, as well as reduced colony and tumor formation, through regulation
of cyclin D1 expression in Hep 3B cells. (A) Hep 3B cells were treated with amiodarone (5 uM) for various times, followed by propi-
dium iodide (0.04 mg/mL) labeling. Cell viability was evaluated by flow cytometry analysis. (B-E) Hep 3B cells were transfected with
HA-vector or mutant cyclin D1 plasmid (p-cyclin D1-HA-K33.38R). Cell proliferation was determined by BrdU incorporation assay in
(B). Scale bar = 20 pm. Quantification is shown in the diagram. Data represent means = SEM (n = 5). Soft agar assay was conducted
and colony formation was measured at day 14 posttreatment in (C). This experiment was conducted in triplicate and repeated three
times. Cells (1 X 107) were inoculated s.c. into NOD/SCID mice (n = 3). Mice were sacrificed and tumor weight was measured in
(D). Scale bar = 1 cm. Protein expression level was evaluated by IB in (E). Abbreviations: HA, hemagglutinin; N.C., HA-vector trans-

fection; NOD/SCID, nonobese diabetic/severe combined immunodeficient; N.T'., without amiodarone; s.c., subcutaneously.
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liver tumor formation and poor survival in HCC
patients. Mechanistically, under autophagy induction
conditions, cyclin D1 is ubiquitinated followed by pro-
teasomal and autophagy degradation. However, the
latter process is mediated by SQSTM1 leading to
cyclin D1 degradation, cell-cycle arrest, and low cell
proliferation rate (Fig. 7A). We further suggest that in
HCC patients, low autophagic activity accompanied
with high cyclin D1 accumulation contributes to
induction of cell-cycle progression, cell proliferation,
and liver tumor formation (Fig. 7B).

During hepatitis B virus (HBV) and hepatitis C
virus (HCV) infection, autopha%y is induced to sustain
the replication of the viruses.*”’ However, in the pre-
sent study, we detected low autophagic activity in
HBV- and HCV-associated HCC tumor tissues. One
possibility is that HBV HBx or HCV nonstructural
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model shows how autophagy selectively
regulates cyclin D1 to affect cell prolif-
eration and tumorigenesis in the nor-
mal cell and HBV- and HCV-related
HCC. (A) Under normal conditions,
stress-induced autophagy triggers post-
translational modification of cyclin D1
by ubiquitination. Ubiquitinated cyclin
D1 is either degraded by proteasome
or selectively recruited into the AP
mediated by the receptor, SQSTMI,
followed by fusion with lysosome
for degradation during autophagy pro-
gression. Suppression of cell-cycle
progression results from cyclin D1
degradation by autophagy to maintain
cell homeostasis. (B) Low autophagic
activity was detected in HBV- and
HCV-related HCC patients. Low auto-
phagic activity causes accumulation of
cyclin D1 and promotes cell proliferation
and tumor formation. Abbreviation:

UBA, ubiquitin associated.
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4B protein suppresses the late-stage autophagic process
by impairing fusion with lysosomes in virus-associated
HCC tumorigenesis."®'? Another possibility is that
HBV genomic DNA may randomly integrate into the
host chromosome and disrupt autophagy-related genes
during the latent stages of viral infection.***" Never-
theless, the mechanism by which autophagy switches
from high level (proviral replication) to low level (anti-
viral replication) to promote HCC tumorigenesis dur-
ing liver virus infection warrants further investigation.
Cyclins and CDKs are ubiquitinated and degraded
through the proteasomal pathway to maintain cell-
cycle progression.®? Loukil et al. reported that
autophagy is a regulator of cyclin A2 degradation
beyond the metaphase of the cell cycle in proliferating
cells.*® We show that both of the autophagic and pro-
teasomal degradation systems degrade cyclin D1, as
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demonstrated by M(G132 and CQ_treatment. However,
the subsequent suppression of the cell-cycle progression
was only rescued by CQ_treatment, but not by M(G132
(Fig. 3F). This discrepancy indicates that the autopha-
gic degradation pathway seems to be more specific for
regulating cyclin D1-mediated cell-cycle progression. It
is also possible that there are undetermined factors con-
trolling cell DNA synthesis, which are regulated by
autophagic, but not proteasomal, degradation machin-
ery. Altogether, autophagic degradation machinery and
cell-cycle regulator cyclin D1 are linked with the
homeostasis of cell-cycle progression in HCC.

Both GSK-3f and dual-specificity tyrosine phos-
phorylation regulated kinase 1B (DYRKI1B) are
involved in cyclin D1 phosphorylation and protein
turnover.?? In this study, induction of autophagy
increased GSK-3f phosphorylation as well as detected
phosphorylated cyclin D1 (Thr-286) in the purified
AP (Supporting Fig. S4A,B). We further abolished
the Thr-286 phosphorylation site of cyclin D1
(T286A) and confirmed that it is essential for cyclin
D1 ubiquitination and binding with LC3 (Supporting
Fig. S4). Our findings suggest that induction of
autophagy leads to cyclin D1 turnover in a GSK-3f-
dependent manner. Under these conditions, the cell
cycle was blocked at the Go/G; phase accompanied
with suppression of cell proliferation, but without evi-
dent cell death (Fig. 5). However, Yan et al. used low-
dose bafilomycin Al to block autophagic flux, which
also triggered cyclin D1 turnover, but in a DYRK1B-
dependent fashion, leading to the caspase-independent
death of HCC cells.* Based on our findings and
other reports, it appears that either induction or sup-
pression of autophagy activation could trigger cyclin
D1 turnover, but through different signaling pathways,
which further determine the fate of the cells. Alto-
gether, suppression of cell-cycle progression through
autophagy-regulated cyclin D1 turnover may have
potential as an effective therapy for HCC.

Autophagy deficiency was shown to result in multi-
ple liver tumors in a mouse model."® We found that
in HCC patient tumors, autophagic activity was low,
and an increase of autophagic activity effectively sup-
pressed liver tumor formation in the animal
models (Fig. 6D and Supporting Fig. S7). In contrast,
Toshima et al. reported that autophagy promotes cell
proliferation and liver undergoes rapid protein turn-
over for remodeling after partial hepatectomy. They
revealed that autophagy sustains epigenetic regulation
to prevent senescence during liver regeneration
(LR).©® 1In summary, these data indicate that
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autophagy plays different roles in LR and HCC
tumorigenesis.

Amiodarone as an autophagy inducer could reduce
liver injury and promote LR after partial hepatectomy,
and amiodarone-treated patients showed no evident
toxicity.?”*® Similarly, our results demonstrate that
amiodarone is an antitumor agent against liver tumor
tormation. However, Kowalik et al. reported that
amiodarone-induced autophagy stimulated the prolifer-
ation of keratin 19 (a progenitor cell marker) preneo-
plastic lesions, leading to HCC progression at a very
carly stage in a rat model.?” Tian et al. reported that
autophagy switches from protection to promotion of
HCC tumorigenesis at the late stages by suppressing
the expression of multiple tumor suppressors, including
p53.% To understand the possible anti-HCC effect of
amiodarone in the general population, we conducted a
retrospective analysis of case-control data comprising
32,625 patients sampled from a nation-wide, popula-
tion-based claims database in Taiwan, and revealed a
prophylactic effect after long-term regular amiodarone
usage. In contrast, short-term exposure to amiodarone
was associated with a higher risk of HCC incidence.®"

Our result indicates that the protective effects
of amiodarone may occur only after approximately
2 years of exposure (data not shown). A pharmaco-
epidemiological study using a larger sample size is
needed to confirm this hypothesis. Altogether, autoph-
agy plays different roles in LR and HCC tumorigene-
sis, amiodarone-induced autophagy may affect HCG
differently; therefore, we should be cautious about the
timing of treatment.
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